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Butterfly wing color patterns result from the arrangement of monochromatic
scales containing chemical pigments and a delicate architecture that can cause
interference or diffraction of light, generating iridescent colors. The latter mechanism is
known as structural coloration and, despite its ecological importance, little is known
about the molecular mechanisms underlying the development of this trait. The Southern
Dogface butterfly, Zerene cesonia, exhibits sexually dimorphic development of
ultraviolet wing reflectance. Males possess a UV-reflective patch on the forewing that
results from nano-structures on the wing scales, which are absent in females. This
dimorphism offers an excellent opportunity to explore the genetic mechanisms involved
in pattern formation and cyto-structural variation. We used RNA-seq data from imaginal
wing discs through late larval and pupal development to identify genes involved in the
regulation of color pattern and scale structure formation. We identified candidate genes
for the regulation of wing color pre-patterning and sexually-dimorphic development of
wing scales. Our results provide a genomic resource for the identification and
characterization of genes that participate in the regulation of wing development in pierid
butterflies.
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CHAPTER I
INTRODUCTION
Butterfly wings provide an excellent opportunity to study the evolution and
development of morphological diversification. With more than 16,000 species of
butterflies and 160,000 species of moths, the order Lepidoptera exhibits one of the most
diverse array of color patterns in the animal kingdom, playing important roles in crypsis,
thermal regulation, and signaling (Nijhout 1991) (Figure 1.1). The neotropical genus,
Heliconious, provides a remarkable example of morphological diversification. With more
than 40 recognized species, the genus is famous for extensive intraspecific wing pattering
variation, which is believed to have evolved as a mechanism to warn predators of their
toxicity (Mallet and Gilbert Jr 1995). Despite the complexity of some of their color
patterns, the anatomy of the butterfly wing is relatively simple. Butterfly wings are made
of only two layers of cells with the developmental phenomena in one layer occurring
independently from the other (Sekimura 2013). Color patterns are the result of finely
organized arrangements of scales, each being an individual cell that can differ in color
(Fig. 1.2). In most butterfly species, these scales are colored using chemical pigments
(pigment coloration) while some colors, such as the bright blue wings of Morpho
butterflies, result form a combination of pigments and structural arrangements in the
scale architecture that diffracts light in specific wavelengths (structural coloration). Due
to their broad morphological diversity and anatomical simplicity, butterfly wings have
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served as a model for understanding the developmental mechanisms modulated by
genetic and environmental factors during evolution and diversification.
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1.1 Development of butterfly wings
The generation of butterfly wing color patterns requires a synchronized
developmental program that determines the final architecture, pigmentation and position
of the scales in the wing. Two major biological processes drive the generation of these
patterns during development: 1) wing pre-patterning, which starts in larval fifth instar and
continues during the first two days of pupation, and 2) scale development, which starts in
in the first day of pupation extends to the day three pupal stage.

1.1.1 Wing pre-patterning
Contained in the body of the caterpillar there is a pair of imaginal discs made of
undifferentiated cells which are recruited for wing development during metamorphosis.
Starting at the late larval stages, these cells undergo a specific developmental program
that is determined by the biochemical environment surrounding them in a process known
as pre-pattering. Comparative studies of insect development have revealed that the
genetic elements responsible for the regulation of butterfly wing pre-patterning are, in
many cases, genes co-opted from existing developmental pathways of wing
morphogenesis in ancestral species (Sekimura 2013; McMillan, Monteiro, and Kapan
2002; Zhang et al. 2017). An illustrative example is the regulation of eyespot pattern
formation in nymphalid butterflies: The notch gene regulates vein differentiation during
the development of the wing in Drosophila melanogaster (de Celis and García-Bellido
1994), and in butterfly wings this gene is expressed in the areas of the wing disc that will
develop into an eyespot during adulthood (Reed and Serfas 2004). Similarly, genes like
cubitus interruptus, decapentaplegic, and envected predetermine the anterior-posterior
boundary of the wing (McMillan, Monteiro, and Kapan 2002) to be followed by the
3

expression of genes like wingless, distal-less and wnt-A which determine the distal edges
and bands (McMillan, Monteiro, and Kapan 2002; Mazo-Vargas et al. 2017; Zhang et al.
2017). The synchronized cascades of gene expression, of these and many others,
orchestate the development of the wing color patterns.

1.1.2 Wing scale development
Coinciding with the importance of wing pre-patterning, the regulation of wing
scale development is an essential process for the generation of wing color patterns, as the
nano-architecture of scales can diffract light and change the reflected color. The
development of a wing scale can be briefly summarized as a sequence of four events:
Selection of scale precursors in the imaginal wing disc, rearrangement of precursor cells,
4

development of socket and scale cells from precursors, and scale cell growth and
sclerotization (Dinwiddie et al. 2014). This last step is fundamental for the generation of
structural colors.
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Butterfly wing scales were first recognized as homologous to insect bristles in
1998 by Galant et al. Since then, various genes involved in bristle development have been
identified as regulators of wing scale development. For example, the group of achaetescute genes was found to be expressed in the imaginal wing disc of Precis coenia in early
larval stages regulating the selection of scale precursor cells (Galant et al. 1998a).
Confocal microscopy studies have shown that highly organized F-actin filaments during
the elongation phase of scale growth, are responsible for carving the nano-architecture of
the scales (Dinwiddie et al. 2014). However, most of the genetic mechanisms underlying
the regulation of this process remain unresolved. CRISPR/Cas9 knock outs of genes from
the melanin pathway revealed that some of them are involved in scale morphogenesis
(Matsuoka and Monteiro 2017). Mutants of DDC and TH (the first elements in the
melanin biosynthesis pathway) develop curly scales and mutants of the downstream
effector yellow exhibit reduction in the thickness of cross-ribs in all scales. To understand
the developmental mechanisms underlying the evolution of wing scales it is necessary to
extend our understanding of the genetic elements that participate in wing scale
development. One strategy to achieve this, is by comparing gene expression during wing
development in species that exhibit scale polymorphism.

1.2 Sexually dimorphic development of wing patterns
Sexually dimorphic species provide an opportunity to explore the genetic and
developmental basis of divergent traits as most of the genetic background during
development is commonly shared between individuals of different sexes, except for the
elements involved in the regulation of the dimorphic trait. Studying the genetics of
sexually dimorphic traits has led to the discovery of the role of the gene apterous-A in
6

the development of sex-specific wing patterns in B. anynana (Prakash and Monteiro,
2018.) and to the widely conserved (but highly versatile) role of the doublesex gene (dsx)
in the evolution of sexually dimorphic traits in arthropods, including butterfly wings.
The Southern Dogface butterfly, Zerene cesonia, is a local pierid species that
exhibits sexually dimorphic development of wing color pattern and scale structure. In this
species, males develop a UV-reflective patch on the dorsal surface of the forewings
which is absent in females. In this regard, Z. cesonia is a potential model for studying the
genetics of sexually dimorphic development of wing patterns and provides an opportunity
to explore the genetic mechanisms that regulate the development of nanostructures on the
surface of UV-reflectant scales (Fig. 1.4). These events are temporally separated during
development whith pre-patterning occurring slightly before pupation and then scale
differentiation occurring around three days after pupation (Fenner and Counterman,
unpublished results). We used RNA-seq data from the imaginal forewing discs through
late larval and pupal development of both males and females to identify genes involved in
the regulation of color pattering and scale structure formation.
We used our data to test specific predictions of candidate genes and pathways that
have previously been shown to be involved in butterfly wing pre-patterning and scale
development. For pre-patterning, we tested the expression of the genes notch, wingless,
aristaless, spalt and cubitus interruptus in early development (fifth instar larva and pupa
day one). For scale development, we tested the expression of the achaete-scute genes, the
melanin biosynthesis pathway, and the Drosophila planar polarity genes during early and
middle development of pupa (fifth instar larva to day four pupa), when scales have been
observed to develop.

7

We also hypothesized that dsx participates in the regulation of sexually dimorphic
development of wing scales of Z. cesonia as this gene has been found to regulate
development of sexually dimorphic traits in butterflies and many other insects (Waterbury
1999, Ohbayashi 2002, Blakomon et al 2016, Fujii and Shimada 2007, Kunte et al 2014).
For that reason, we paid special attention to the identification of the splicing patterns of
this gene during wing development of Z. cesonia forewings.
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CHAPTER II
METHODS
2.1 Experimental design
mRNA was sampled from the developing forewing discs of male and female
butterflies from fifth instar larvae and for all six days of pupation. In total, 48 individuals
were sampled, ensuring at least 3 biological replicates of each sex for each developmental
time point (Table 2.1). Two additional samples from male’s head and thorax were added
to increase transcript diversity.

Table 2.1
Experimental design
Developmental
stage

Biological
Replicates

Total male
samples

Total female
samples

5th day larva

6

3

3

Day 1 pupa

6

3

3

Day 2 pupa

6

3

3

Day 3 pupa

6

3

3

Day 4 pupa

12

6

6

Day 5 pupa

6

3

3

Day 6 pupa

6

3

3

Adult Head

1

1

0

Adult Thorax

1

1

0
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2.2 Dissections
Pupae were staged over 24-hour intervals with emergence occurring on the
seventh day of pupation. Pupal wings were dissected for each day of pupation totaling six
stages (days). Both left and right forewings for pupae and larvae were dissected under a
dissecting scope using surgical scissors and forceps (Fig. 1.5). Wings were preserved in
RNAlater and stored at -80 C.

2.3 RNA extraction, purification and library preparation
Total RNA was obtained using a guanidinium thiocyanate-phenol-chloroform
extraction method with TRizol Reagent (TIANGEN, Beijing, China). Total RNA was
10

eluted with 50µl of nuclease-free H2O and the RNA quantity was determined on a Qubit
2.0 fluorometer (Thermo Fisher Scientific, Carlsbad, CA, USA). To assess the quality of
total RNA, 5 ul total RNA were added to 10 ul of molecular biology grade formamide
(Fisher Scientific, Pittsburgh, PA) and incubated at 65 C for 10 min then at 4 C for 3 min
to relax secondary structures of the RNA. Then the RNA was assessed through
electrophoresis in 1.8x Tris-borate-EDTA (TBE) agarose gel. A total of 50 µl (roughly
120 ng/ul) of total RNA was used to isolate mRNA using oligo(dT) magnetic beads from
NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, Ipswich, MA, USA). Fulllength cDNA was constructed from mRNA using a modification of the Smart-Seq2
method (Picelli et al. 2014). First, reverse transcription of isolated mRNA with
Superscript IV reverse transcriptase (RT) (Thermo Fisher Scientific) and oligoDT primers
(5′-AAGCAGTGGTATCAACGCAGAGTACT30VN-3’). When the RT reaches the 5’
end of the mRNA molecule the nontemplate-directed terminal transferase activity of the
RT adds 2-5 Cs. These cysteines pair with the 3 riboguanosines at the 3’ end of a linked
nucleic

acid

containing

template

switching

oligo

(LNA-TSO:

5′-

AAGCAGTGGTATCAACGCAGAGTACrGrG+G-3’), which permits the RT to switch
templates and synthesize the complimentary strand. At this point all single stranded fulllength cDNA species contain known ends complementary to the below ISPCR primers
with the same sequence on each end. Double stranded cDNA is synthesized with ISCPR
primers (5′-AAGCAGTGGTATCAACGCAGAGT-3′) and KAPA HiFi Hot Start Ready
Mix (KAPA BioSystems). Approximately 0.2 ng/ul of resulting double-stranded cDNA
was used to prepare cDNA libraries using Nextera XT DNA Library Preparation Kit
(Illumina, San Diego, CA, USA) following the manufacturer’s instructions.
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2.4 Transcriptome analysis
2.4.1 Reads pre-processing, transcriptome assembly and annotation
Read sequencing quality was estimated using FastQC (Andrews 2010) in all
libraries. Wrong base calls were corrected using the overlap analysis of AfterQC (Chen et
al. 2017). Corrected reads were then filtered and trimmed using Trimmomatic (Bolger,
Lohse, and Usadel 2014) with a sliding window of six base pairs (bp) and a 25 minimum
Phred Quality value. Read pairs with N content higher than eight bp, Phred average
quality lower than 20 or final length lower than 36bp were discarded from the analysis.
A reference transcriptome was generated de novo by merging multiple
transcriptome assemblies and selecting the best assembled transcripts per loci using the
EvidentialGene pipeline (http://arthropods.eugenes.org/EvidentialGene/trassembly.html)
as described in Nakasugi et al (2014). To obtain a good representation of all biological
conditions in the transcriptome without increasing k-mer contamination, reads from each
condition (developmental stage + sex) were pulled together and ten million reads were
randomly sampled for transcriptome assembly. Each of these samples was assembled
using rnaSPAdes (Bankevich et al. 2012) with k-mer sizes 21, 25, 63, 75 and 81,
reconstructing a total of 70 raw transcriptomes and ~13 million transcripts. All
assemblies were then concatenated into a single FASTA file and processed with the
EvidentialGene pipeline to generate a consensus transcriptome. The resulting set of
transcripts was further evaluated and filtered using three criteria: i) support from the
original

reads,

ii)

sequence

homology

(http://download.lepbase.org/v4/sequence/),

and

with
iii)

known
evidence

butterflies
of

good

proteins
mRNA

architecture. The quality of the final transcriptome was estimated with Assembly-stats
v.1.0.1 and BUSCO (Simão et al. 2015) using the Endopterygota gene set as a reference.
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Figure 2.1 shows a schematic representation of the assembly workflow. For simplicity,
the diagram includes samples from one sex only. A More detailed report of the
transcriptome filtering criteria and results can be fount at the Git Hub repository for this
project
(https://github.com/LF-Rodriguez/Z_Cesonia_WD_2018/tree/master/Code_reports/).

The transcriptome was annotated using the Trinotate annotation pipeline
(https://trinotate.github.io/ ). Annotation was based on two homology searches using the
13

uniprot database (Swissprot release 2018-7) and EMBL-EBI Pfam protein domain data
base (released on 02/2017) and 2 trans-membrane protein predictions (Signal peptide
cleavage and trans-membrane helices).

2.4.3 Gene expression analysis
RNA-seq libraries were mapped to the reference transcriptome with Bowtie2
(Langmead and Salzberg 2012) using a 0.07 mismatch rate. Gene expression levels were
estimated using RSEM (Li and Dewey 2011) with default values.
Cluster analysis was performed to identify groups of genes involved in Wing prepatterning and scale development using the MBCluster.Seq bioconductor Package
(https://rdrr.io/cran/MBCluster.Seq/) assuming a negative binomial distribution model, as
suggested in the manual for count data.
To identify genes involved in sexually dimorphic development, we ran multiple
tests of Differential Expression using DESeq2 R package from the Bioconductor project
(Love, Huber, and Anders 2014). The gene sets obtained from the differential expression
and clustering analyses were tested for Gene Ontology (GO) enrichment using the
TopGO

package

from

(https://bioconductor.org/packages/release/bioc/html/topGO.html). Three

Bioconductor
algorithms

were used for this analysis: classic Fisher enrichment algorithm, Kolmogorov-Smirnov,
and Weighted Enrichment Fisher algorithm.
The scripts used for the computational analysis and the specific version of the
software can be found in the GitHub repository for this project (https://github.com/LFRodriguez/Z_Cesonia_WD_2018/tree/master/Bash_scripts/)
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CHAPTER III
RESULTS
3.1 Data pre-processing and quality estimation
3.1.1 Transcriptome assembly
To assess the quality of the transcriptome assembly, we used basic measures like
N50 and N70 which provide an estimation of the contiguity (uninterrupted assembly of
contigs) of the assembly. We also used the number of unique genes and transcripts as an
indicator of the coverage and redundancy of the transcriptome.
The consensus transcriptome assembly generated with the EvidentialGene
pipeline contained 31,697 genes represented by 71,005 transcripts which are elevated
numbers most likely due to redundant and spurious contigs. After filtering transcripts
with poor quality support, as described in the methods section, the final assembly
contained 12,836 unique genes and 24,864 transcript with an N50 of 2,170. Table 3.1
presents more detailed statistics of the transcriptome before and after filtering.
To estimate the completeness of universal orthologs in the assembly, the software
BUSCO was ran against the filtered assembly using the Endopterigota orthologs data
base. The test found 88.9% (2,169) of the reference sequence present in the transcriptome
assembly, from which 3.3% (80) were found to be fragmented. These values suggest that
most of the protein sequences were assembled with a low fragmentation rate.
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Table 3.1
Assessment of transcriptome assembly quality based on continuity statistics before and
after filtering
Statistic

Raw assembly

Filtered
assembly

Number of transcripts

71,005

24,864

Number of unique genes

31,697

12,836

Largest transcript

32,374

32,374

N50

1,535

2,170

N70

904

1,538

N count

44,473

23,060

Gaps

3,320

1,503

3.1.2 Transcriptome annotation
All transcript sequences were blasted against the Uniprot database during the
annotation pipeline. Using a minimum e-value threshold of 1e-6, 97.9% of the transcripts
generated a blast hit in the reference database from which 76.7% were successfully
assigned a Gene Ontology (GO) term. These annotations were used to identify enriched
biological processes in the subsets of genes identified in the differential expression tests
and clustering analyses presented in section 3.2.

3.1.3 Gene expression
After mapping the reads to the transcriptome and standardizing the read counts
using the DESeq standardization method, the expression values were used to generate an

16

Euclidean Distance Matrix and a Principal Component Analysis (PCA) to corroborate
that the biological replicates cluster as expected based on our experimental design.
The heat-map of the distance matrix (Fig. 3.1) and the PCA results (Fig. 3.2)
shows consistent clustering between biological replicates of stages fifth instar larvae and
day one pupa, however, as the developmental timeline progresses, the euclidean distance
between biological replicates increases. Together, these results were used to identify
samples that did not form a cluster with their biological replicates and were excluded
from all the Differential Expression Tests as their variance was considered to be
introduced by large individual development rate differences or errors in the timing of the
RNA sampling. A more detailed description of the exploratory analysis results can be
found in the GitHub repository for this project.
(https://github.com/LF-Rodriguez/Z_Cesonia_WD_2018/tree/master/Code_reports/)

17
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3.2 Gene expression analysis
The gene expression data set was analyzed with two main objectives: 1) to
identify a core set of genes involved in wing development and 2) to identify genes
responsible for sexually dimorphic development of the wing. To achieve the first
objective, we clustered the transcripts based on their expression profile in males and
female samples and identified the genes that were co-expressed in both sexes at specific
stages of development (See section 3.2.1.1). For the second objective, we performed
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Differential Expression Tests at each developmental stage comparing male and female
samples to identify genes with sex biased expression during wing development.
In all the sections below, wing development is commonly simplified to three
major stages: 1) pre-patterning stage (larva fifth instar and day one pupa), 2) scale growth
(pupa from day two to day four), and 3) scale pigmentation (pupa day five). In the bar
plots that show gene expression, developmental stages are represented by numbers from
zero to five, where zero corresponds to samples from fifth instar larva and numbers one
to five match the corresponding number of days after pupation.

3.2.1 Identification of core sets of genes involved in wing development
3.2.1.1 Clustering of co-expressed genes
The clustering analysis of the MBCluster R package generated 20 clusters of coexpressed genes in males and 21 clusters in females. The clusters containing genes with
increased expression at specific developmental stages were used for the identification of
genes involved in wing pre-patterning, scale development and scale pigmentation.
We grouped together clusters containing genes with increased expression in early
wing development (larval fifth instar and pupa day one) under the assumption that those
clusters were likely to contain genes that participate in wing color pre-patterning.
Similarly, genes with increased expression around pupa day three (day 2 to day 4 pupa )
were grouped together as candidates for scale growth. Finally, genes with increased
expression towards of the end of the

developmental time lapse were grouped as

candidates for scale pigmentation (See figures 3.3 and 3.4).

20
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We then compared the resulting gene sets in males and females and identified
genes that showed consistent grouping in both sexes. We considered those genes the core
set of genes that participate in wing development and performed a GO enrichment test on
those gene sets. Figure 3.5 shows the results of this tests.
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3.2.1.2 Expression profile of the predicted candidate pre-patterning genes.
Multiple genes and pathways have previously shown association with wing color
pre-pattering in other insects including nymphalid butterflies (McMillan, Monteiro, and
Kapan 2002; Martin and Reed 2010; Prakash and Monteiro, n.d.). To gain insights on the
possible role of these genes in the development of pierid butterfly wings, we visualized
their expression profiles in our data set.
In the early development of nymphaild butterflies, the gene cubitus interruptus
(ci) contributes to the establishment of the anterior-posterior delimitation of the wing.
Later, wingless (wg/wnt1), aristal-less (al), and distal-less (dl) establish the distal bands
in the fore wing (McMillan, Monteiro, and Kapan 2002). At this stage, the gene notch has
been shown to be associated with pre-establishment of inter-vein patterns like eyespots in
moths, nymphaids and pierids (Reed and Serfas 2004). Figures 3.6 and 3.7 show the
expression profiles of these genes in our data set. All of these genes show increased
expression in the pre-patterning stages, however some of them, like the cubitus
interruptus gene, show relatively low levels of expression (< 100 read counts in average).

23
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3.2.1.3 Expression profile of the predicted candidate scale development genes.
We also explored the expression patterns of some of the genes that have been
previously linked to the development of butterfly wing scales in other butterflies.
Butterfly wing scales are homologous to insect sensory bristles, hence, some of the
genetic elements that regulate cellular differentiation for bristle development in
Drosophila wings, like the achaete-scute genes, have been found to be expressed during
the development of butterfly wings (Galant et al. 1998b). In our data set, we found three
genes of this group (asc-3, asc-5 and asc-8) from which asc-3 exhibits the highest
expression. Figure 3.7 shows the expression values of these genes during the
development of the wing discs of Z. cesonia. These genes exhibit increased expression in
both, males and females, during the day one pupa in the imaginal wing disc (Fig. 3.8).
A second set of genes known as the planar cell polarity genes (PCP) regulates the
growth and differentiation of bristles in the wing of D. melanogaster (Wang et al. 2014).
We explored the expression profiles of these genes in our data set but did not find
increased expression at specific stages of wing development. Some of the genes in this
group were not present in the transcriptome (Fig. 3.9).
Recent studies on butterflies wing scale development have found that the genes
from the melanin pathway also participate on the regulation of scale morphology
(Matsuoka and Monteiro 2017). We found that from this pathway, the gene yellow
exhibits the highest expression ( > 100,000 reads in some samples) in the developing
wing disc of Z. cesonia with the highest expression values in the pupa day three stage in
both sexes (Fig. 3.10).
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3.2.3 Identification of genes involved sexually dimorphic wing development.
The analyses presented in this section were designed to identify genes that were
differentially expressed between males and females across wing development. We first
performed a genome wide analysis of the transcriptome and then focused on the
expression pattern of the doublesex (dsx) transcription factor due to its importance in the
development of sexually dimorphic traits in insects.
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3.2.3.1 Genome wide analysis of differential expression
To identify major patterns of gene expression across wing development, a
Differential Expression Test was performed using all samples comparing gene expression
in males versus females. Figure 3.11 shows a summary of the results.
A total of 549 genes were identified to be differentially expressed between sexes
with a false discovery rate (FDR) threshold of 0.05. Two patterns can be identified from
the heat map of differentially expressed genes: First, a larger proportion of differentially
expressed genes are up-regulated in males (Fig. 3.11c). Second, genes that are upregulated in females seem to exhibit constant expression across development whereas
genes up-regulated in males are expressed in a stage-specific fashion (Fig. 3.11a). The
volcano plot shows that one of the genes with the highest log2 fold change and
significance is the Serine proteinase stubble (STUB), which has previously been
associated with wing development in Drosophila. A complete list of differentially
expressed genes identified in this test is provided in the Git-Hub repository
(https://github.com/LF-Rodriguez/Z_Cesonia_WD_2018/tree/master/Clustering_by_stag
e/).
The GO enrichment analysis of the set of differentially expressed genes showed
over-representation of multiple terms related with neuron development, exon guidance,
visual perception, cell differentiation among others. Table 3.2 shows the results of this
test for the top 20 GO terms that showed significant enrichment.
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Table 3.2
Top 20 enriched GO terms in the subset of genes that are differentially expressed between
sexes across development.

GO ID

Term

GO:0032196 transposition

Annotated Significant Expected Classic

KS

Weight

69

11

0.98

3.3E-09

0.00022

3.3E-09

GO:0042381

hemolymph
coagulation

10

4

0.14

7.8E-06

0.04267

7.8E-06

GO:1904274

tricellular tight
junction assembly

2

2

0.03

0.0002

0.01999

0.0002

GO:0048104

establishment of
bristle polarity

9

3

0.13

0.00022

0.01422

0.00022

GO:0045217

cell-cell junction
maintenance

3

2

0.04

0.0006

0.03688

0.0006

GO:0007597

blood coagulation
intrinsic pathway

4

2

0.06

0.00119

0.13756

0.00119

GO:0006032

chitin catabolic
process

64

5

0.91

0.00215

0.2864

0.00215

GO:0045466

R7 cell
differentiation

66

5

0.94

0.00246

0.01791

0.00246

68

5

0.97

0.00281

0.60286

0.00281

GO:0001889 liver development
GO:0034116

positive regulation
of heterotypic cell...

6

2

0.09

0.00291

0.00786

0.00291

GO:0007400

neuroblast fate
determination

21

3

0.3

0.00313

0.00708

0.00313

GO:0007601 visual perception

102

6

1.45

0.00336

0.17599

0.00336

presynaptic
GO:0097090 membrane
organization

22

3

0.31

0.00359

0.17103

0.00359

7

2

0.1

0.00404

0.0259

0.00404

352

14

5.01

0.00053

0.00019

0.00421

8

2

0.11

0.00534

0.03345

0.00534

8

2

0.11

0.00534

0.02971

0.00534

GO:0010606

positive regulation
of cytoplasmic RNA

GO:0007411 axon guidance
GO:0045498

sex comb
development

synaptic vesicle
GO:0048499 membrane
organization
GO:0050729

positive regulation
of inflammatory r.

8

2

0.11

0.00534

0.06871

0.00534

GO:0045893

positive regulation
of transcription DN

774

21

11.02

0.00347

0.00347

0.00585

GO:0001941

postsynaptic
organization

27

3

0.38

0.00647

0.27789

0.00647

32

Differential expression tests were also performed on each developmental stage.
The results are summarized in Figure 3.12. In the figure, the expression of significantly
differentially expressed genes is represented using heat maps, top differentially expressed
genes are displayed in a volcano plot at the middle and top GO terms of biological
processes are shown at the right. Samples from the larval stage and pupa day one, showed
enrichment of relevant terms for pre-patterning such as the establishment of thoracic
bristle planar polarity, stem cell fate determination, maintenance of imaginal disc-derived
wing hair orientation, regulation of microtubule-based growth and regulation of tube
length. Pupa day two showed the higher number of differentially expressed genes
between sexes (5,597) and most of these genes are involved in neuron development and
neural growth guidance. It is also worth noting that the gene doublesex is the top
differentially expressed gene at the pupa day three stage. The pupa day four stage showed
enrichment of some patterning genes together with genes involved on the development of
wing bristles. Full lists of differentially expressed genes at each stage are available at the
GitHub repository (https://github.com/LF-Rodriguez/Z_Cesonia_WD_2018/tree/master/
diff_exp_out/)
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3.2.3.2 The apterous gene
The gene apterous was recently linked to the regulation of sexual ornaments in
the wings of the Squinting Bush Brown butterfly Bicyclus anynana (Prakash and
Monteiro, n.d.). This gene is expressed relatively low (< 100 reads per sample) across the
development of Z. cesonia wing disc (Figure 3.13).

3.2.3.3 The doublesex gene
The doublesex gene (dsx) has been repeatedly associated with the development of
sexually dimorphic traits in arthropods. This gene promotes the expression of sex specific
genes by generating different transcription factors through alternative splicing. We found
significant differential expression of this gene between males and females in the genome
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wide analysis described before (Figure 3.12). We visualized the expression pattern of
doublesex transcripts in our data set to identify patterns at the isoform level. Figure 3.14
shows the expression values of the two dsx transcripts present in the transcriptome.

To determine the identity of these transcripts, we aligned them to a reference
transcript of doublesex containing all known exons and found that the transcript dsx-A
corresponds to the typical male isoforms of doublesex in other butterflies (dsx-m),
however the transcript with increased expression in females, dsx-B, does not match the
sequence of any of the described isoforms of dsx. Figure 3.15 shows a schematic
representation of the splicing pattern of each of these two isoforms.
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Dsx-B contains 822 base pairs that are not present in the coding sequence of
known dsx transcripts and the reading frame of this transcript does not extend across this
undescribed region. To discard the possibility that dsx-B was the product of an assembly
artifact we traced back its origin in our assembly pipeline. We first pulled out all the dsx
transcripts from the original SPAdes assemblies and then labeled them based on the
sample and assembly configuration that they were assembled from. We found that dsx-B
was assembled in 19 assembly configurations and most of these were from female
samples. Table 3.3 shows a list of the assemblies that contained dsx transcripts and the
sample and assembly configuration that originated them.
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Table 3.3
Tracing back the origin of the two dsx transcripts assemblies in the reference
transcriptome transcriptome.
Only the assemblies at which dsx transcripts were found are included.

Assembly

Sample

K-mer size

dsx-B

dsx-A

5M21K
5M25K
5M65K
5M75K
5M81K
TH65K
TH75K
TH81K
1M21K
6M25K
6M65K
6M75K
6M81K
3F21K
3F25K
3F63K
3F75K
3F81K
5F65K
6F63K
6F75K
6F81K
6F21K
4F25K
4F81K
4F65K
4F21K
4F75K

Male day 5
Male day 5
Male day 5
Male day 5
Male day 5
Male thx & head
Male thx & head
Male thx & head
Male thx & head
Male day 6
Male day 6
Male day 6
Male day 6
Female day 3
Female day 3
Female day 3
Female day 3
Female day 3
Female day 5
Female day 5
Female day 6
Female day 6
Female day 6
Female day 4
Female day 4
Female day 4
Female day 4
Female day 4

21
25
65
75
81
65
75
81
21
25
65
75
81
21
25
63
75
81
65
63
75
81
21
25
81
65
21
75

0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

We then mapped all the original dsx transcripts to a scratch genome of Z. cesonia
to identify the origin of the undescribed 850bp of dsx-B. We found that dsx-B transcripts
mapped ~25Kbp upstream the doublesex genomic region (Figure 3.16).
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The results of the mapping suggested that dsx-B is originated from a region of the
genome where there is a partial duplication of the exon one of the dsx gene. To confirm
this duplication we generated scratch genomes of Z. cesonia and the sister species Z.
eurydice using shotgun DNA-reads from ten individuals from a related but independent
study. We confirmed the presence of both copies of exon one in seven of the ten
individuals using this method. We further confirmed the presence of the dsx-B sequence
in Z. cesonia and Z. eurydice by PCR amplification (results not shown).
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The alignment of dsx transcripts from all individuals also revealed that some
nucleotide substitutions in the sequence of the duplicated region are well conserved
across individuals (See Figure 3.17).
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We studied in detail the content of the 822 bp at the 3’ end of dsx-B and aligned it
to the genomic region surrounding dsx-A using MUMmer (https://github.com/mummer4/
mummer/) to obtain additional information about the identity of this sequence. We found
that dsx-B contains additional fragments at the 5’ end of dsx-A including the UTR, as
shown in the Figure 3.18. We also identified the presence of a DNA transposon from the
Zator family (DNA/Zator-Pieris5178).
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We attempted to trace back the origin of this duplication further into the
phylogeny of lepidopterans, by searching for these sequences in all butterfly genomes
available in LepBase (http://lepbase.org) but did not find evidence of duplication of dsx
in any of them. We are currently working on the structural and functional characterization
of the novel isoform dsx-B.

42

CHAPTER IV
DISCUSSION
4.1 Genetics of wing color patterning and scale development
Butterflies from the Nymphalidae family have served as auspicious models for
understanding the developmental genetics of color patterning and morphological
diversification (Martin and Reed 2010; Van Belleghem et al. 2017; Mazo-Vargas et al.
2017; McMillan, Monteiro, and Kapan 2002), however, a broad understanding of the
genetic mechanisms regulating color patterns in lepidopterans is still incomplete. Our
results provide one of the first insights into the genetics of butterfly wing pattern
development in butterflies from the Pierid family in a species with sexually dimorphic
development of wing color pattern. We generated lists of candidate genes for the
regulation of wing pre-patterning, wing scale development, scale pigmentation, and
sexually dimorphic wing development in pierid butterflies.

4.1.1 Wing pre-patterning
The clustering analysis revealed a set of 302 genes that are up-regulated during
the pre-patterning stage of the imaginal wing disc regardless of the sex of the individual
(Fig. 3.5). The results of the GO enrichment analysis suggest that most of these genes
participate in the cell divisions that take place during the early development of the wing,
when cells from the wing epithelium undergo a series of endomitotic divisions as
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described for the wing development of moths (E. H. Cho and Nijhout 2013; Greenstein
1972).
Among the genes that have been previously associated with wing pre-patterning
in other butterflies, the genes notch (Reed and Serfas 2004), wingless and cubitus
interruptus (McMillan, Monteiro, and Kapan 2002) were also identified as pre-patterning
genes in our data set. However, the expression values of wingless and cubitus interruptus
are relatively low (< 200 reads) compared to the other genes in this group. This could
imply that these genes either have a minor role in the development of the wing disc in Z.
cesonia or that their peak expression occurs in previous larval stages that were out of the
developmental window covered in this study.
The gene notch, in contrast, exhibits high expression during the fifth instar larval
stage. This gene predetermines the eyespot patterns in nymphalids and moths (Reed and
Serfas 2004) and also participates in the development of wing vain patterns in
Drosophila (de Celis and García-Bellido 1994). The high expression of this gene during
the pre-patterning stage of the wing disc of Z. cesonia, suggests that the role of this
important gene is conserved in the development of the wings in the pierid family.

4.1.2 Scale development
The recognition of the homology between butterfly wing scales and insect sensory
bristles provides one of the first insights into the genetics of wing scale development. The
achaete-scute genes, which control the selection of bristle precursors in the imaginal
wing disc of Drosophila, were found to be expressed in the imaginal wing disc of the
nymphalid Precis coenia and were also found to be highly expressed (> 4000 reads) in
the early development of the wing disc of Z. cesonia (Fig. 3.8). This result suggests that
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the use of this set of genes is widely conserved among lepidopterans. We also analyzed
the expression patterns of other genes that are known to participate in bristle development
in Drosophila but did not find evidence of expression during wing development in Z.
cesonia (Fig. 3.9). It is not surprising that not all of the elements of bristle development
are co-opted for the development of butterfly wing scales. A more extensive analysis of
gene expression in our data set could provide insights into the degree at which the
pathways of bristle development are conserved in the development of wing scales in Z.
cesonia.
Microscopy studies of wing scale development have proposed that the close
contact of actin filaments that are part of the cell cytoskeleton, contribute to the formation
of ridges between actin bundles in the scale (Ghiardella 1998, Dinwiddie et al. 2014). The
clustering analysis of our data set generated a set of 465 gene that are expressed in both
sexes from day two to day four after pupation in the wing disc. Among these, we
identified candidates genes that are likely to regulate scale growth and scale cuticle
elongation as they are involved in actin filament bundle organization, axon guidance, and
cuticle development according to the GO analysis (Fig. 3.5). The yellow gene family
conspicuously makes part of this group, with transcripts that show more than 10,000
mapped reads during day three of pupa in both sexes (Fig.3.11). Genes from this family
are part of the melanin biosynthesis pathway and have been recently found associated
with the regulation of scale morphology and pigmentation in butterfly wings (Matsuoka
and Monteiro 2017). Our results are consistent with the idea that the genes form the
melanin pathway are involved in the regulation of scale development.
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The set of genes that we identified are likely to participate in the morphogenesis
of scale cuticle in Z. cesonia, and provide a starting point to study their functional role in
the development of butterfly wing scales.

4.2 Sexually dimorphic development
In situ hybridization studies, have shown that the genes spalt and apterous are
expressed in areas of the wing with sexually dimorphic patterns in nymphalids (Prakash
and Monteiro, 2018) and the pierids respectively. Our results show significant differential
expression of the gene spalt during day 2 of pupation of the developing wing with males
showing increased expression (FDR 4.9e-05, log2 Fold Change 4.21), but very low
expression of the gene apterous across the entire developmental timeline of the wing of
Z. cesonia (< 50 reads) (Fig. 3.14). These results suggest that the use of the gene apterous
for the regulation of sexually dimporphic patterns is not shared between nymphalids and
pierids.
The genome wide differential expression test across all developmental stages
identified 549 genes with significant differential expression between sexes with most of
them (69%) up-regulated in males. One of the most interesting results of this test is the
identification of male biased expression of the gene stubble (Fig 3.11b and 3.11e). The
function of this gene was first described in 1993. In D. melanogaster, this gene acts as a
trans-membrane hormone receptor that communicates signals from the outside to the
inside of the cell to modify the cytoskeleton and facilitates cell shape changes underlying
morphogenesis in the wing bristles (Appel et al. 1993). According to Dinwiddie et al,
(Dinwiddie et al. 2014), the nanoarchitecture of butterfly wing scales, is determined by
the organization of the F-actin bundles of the cell cytoskeleton. The fact that this gene is
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expressed only in males at pupa day 1 during wing development in Z. cesonia makes it an
outstanding candidate for the regulation of sexually dimorphic development of scales
given its role in bristles development in D. melanogaster.
Additional candidate genes for sexually dimorphic development were identified in
the GO enrichment analysis of the set of differentially expressed genes. Twelve of these
genes are involved in cell polarity, cell-cell junction maintenance, chitin catabolism, and
sex comb development, which makes them good candidates for the regulation of sexually
dimporphic development of wing scales. This is particularly true for the genes from sex
comb development which are known to regulate development of male specific structures
in leg bristles in flies (Cloud-Richardson, Smith, and Macdonald 2016).
Candidate genes were also identified for specific events during wing development
(wing pre-patterning, scale development and scale pigmentation) by performing
differential expression tests on each developmental stage between sexes. Pupa day six
was excluded from this analysis as not enough samples from this stage showed good
quality for differential expression tests (replicates clustering and transcriptome coverage).
Among these sets, pupa day two is remarkable for the amount of differential expressed
genes found in this stage (5,559 transcripts) most of which are associated with the
development and morphogenesis of neural cells (Fig 3.13). This result suggests that most
of the events associated with sexually dimorphic development of the wing occur at day 2
of the pupa, however the difference in library quality of samples from this stage
compared to other stages, might be a confounding factor (see PCA results and distance
matrix in section 3.1). The abundance of genes involved in neural development and
morphogenesis suggests that there is high co-option of pathways from neural
development into the development of wing scales.
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4.2.1 The doublesex gene
The doublesex gene has been widely associated with the regulation of sexually
dimorphic traits in arthropods (Kiuchi et al. 2014; Waterbury, Jackson, and Schedl, n.d.;
Concha, Li, and Scott 2010; Kijimoto, Moczek, and Andrews 2012; Kunte et al. 2014;
Sakai, Aoki, and Suzuki 2014; S. Cho, Huang, and Zhang 2007; de Celis and GarcíaBellido 1994; Burtis 1993). In most cases, dsx forms female (dsx-f) and male (dsx-m)
specific isoforms that act as transcription factors that bind to the promoter regions of
genes with sexually specific expression (Waterbury, Jackson, and Schedl, n.d.). We found
low expression of the male isoform in the wing disc of Z. cesonia but did not find
expression of the female one. Our results suggest that dsx-f is not expressed in the
developing wing disc of Z. cesonia, however an alternative transcript, here referred to as
dsx-B, product of a partial duplication of dsx, is being expressed in females during pupa
day 3 of wing development.
Whether dsx-B is functional or not, however, is still to be determined. In silico
analysis of its sequence revealed nucleotide substitutions that are conserved across
individuals and a biased accumulation of synonymous substitutions (dN/dS = 0.043).
CRISPR knockout of this sequence resulted in non-viable individuals that died during the
pupal stage (results not shown). It is also worth noting that most of the sequence of dsx-B
is presumably non-coding as the open reading frame only extends to the first 425 base
pairs. Our analysis of the non-codding sequence portion of dsx-B revealed that it was
originated by the shuffling of fragments from the 3-UTR end of the original dsx copy in
the genome (Fig. 3.19). This pattern is commonly observed during the evolution of new
gene copies in D. melanogaster (Rogers, Shao, and Thornton 2017).
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CHAPTER V
CONCLUSIONS
We generated a reference transcriptome for the development of sexually
dimorphic patterns in butterflies, containing 12,836 unique genes and 31,697 transcripts.
This transcriptome serves as the first genomic resource for the identification and
characterization of genes that regulate the development of wing patterns and wing scales
in pierid butterflies.
The analyses of co-expression and differential expression revealed comprehensive
lists of potential candidate genes for the regulation of wing pre-patterning, scale
development and sexually dimorphic development of wing patterns for butterflies. Within
these lists, we identified genes that have been previously linked to wing development in
other lepidopterans, as well new transcripts without known homologs possibly
representing genes unique to pierids.

These lists were made publicly available to

facilitate the advancement of the research in the field.
We proposed the gene stubble as a strong candidate for the regulation of sexually
dimorphic development of wing scales in Z. cesonia, possibly participating in the switch
mechanism between the developmental pathway of UV-reflectant and non UV reflectant
scales. We hypothesize that this gene was co-opted from the bristle developmental
program in insects to regulate changes in the morphology of wing scales in butterflies.
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Finally, we identified a novel dsx transcript that potentially participates in the
development of female specific traits in the wings of Z. cesonia. Along with the
identification of this transcript, we confirmed a partial duplication of the dsx exon one in
the genomes of Z. cesonoia and its sister species Z. eurydice. That duplication is
responsible for the generation of a novel dsx-B transcript.
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